The aim of this study is to prepare sulfated carboxymethyl cellulose (SCMC) nanofilter membrane using sulfur trioxide pyridine complex (SO 3 /pyridine) as sulfating agent and glutaraldehyde (GA) as a crosslinking agent onto polysulfone supporting membrane. The prepared nanofilter was characterized by Fourier transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy, atomic force microscopy and zeta potential. To evaluate the prepared nanofilter, various amounts of SO 3 /Pyridine were used and efficiency of them was investigated. The results showed that increasing the sulfate groups raised the flux from 13.87 to 29.54 L/(m 2 ·h À1 ), whereas percentage rejection was increased during the separation of salt aqueous solutions and then decreased. It can be concluded that, SCMC-GA-2 (with molar ratio of SO 3 /pyridine to CMC of 1) shows high separation efficiency in acidic conditions and improves the hydrophilicity and charge density of the filter.
INTRODUCTION
Membrane separation technologies are separation processes in which membranes act as a barrier and sieve for the separation of different mixtures (Zhao et al. ) . These processes are high efficiency, economic and environmentally friendly systems. Separation processes are size-based such as reverse osmosis (RO), nanofiltration (NF) and ultrafiltration (UF). NF is a pressure-driven process with low energy consumption and a membrane pore size in the range of about 0.5-2.0 nm in diameter (Sun et al. ) . Its separation performance is between that of RO and UF (Shao et al. ) . The advantages of NF membrane compared to RO membrane is high performance in permeability to monovalent ions at low pressure (Zhang et al. ) . Comparing NF membrane to UF membrane shows smaller pore size and molecules with molecular weight ranging from 200 to 1,000 Da for NF (Hilal et al. ) . The capability of NF membranes to separate molecules depends on their pore sizes and charge character ( Ji et al. ) . According to their surface charge character, nanofilter membranes can be divided into positively charged, negatively charged and neutral NF membranes ( Ji et al. ) . Most NF membranes have negative charge, such as polyamide (Ahmad et al. ; Verıissimo et al. ) , sulfonated polysulfone (Roudman & Digiano ) and sulfonated polyphenylene oxide (Kim et al. ) . In charged NF membranes, the rejection of organic and inorganic species is controlled both by stereohindrance and electrostatic repulsion effects (Shao et al. ) . In the last few decades, NF membranes have attracted the interest of the scientific community due to their high performance in separation and purification of ionic and organic species (Shannon et al. ) . NF membranes have been applied in separation processes such as desalination, wastewater treatment, pharmaceutical purification and biomedical applications, and organic solvent based separations emerging in the chemical, petrochemical (Wang et al. ) and other industries (Sun et al. ) . NF membranes are made of polymers such as polyamide, poly (piperazine amide), sulfated polysulfone, sulfonated polyether, sulfone and cellulose acetate (Shao et al. ) . Conventional materials that can be used in preparing membranes are cellulose and its derivatives (Shao et al. ) . Their advantages are good hydrophilicity and charge. Carboxymethyl cellulose (CMC) is a cellulose with highly crosslinkable hydroxyl groups and carboxylic acid groups (Shao et al. ) . Conventional NF membranes are made by two methods (Sun et al. ) . The first involves the inversion of cellulose acetate or other common polymers, which is easy and low cost but the flux and rejection are limited (Sun et al. ) . Thin film composite (TFC) is the second kind of membrane, which is prepared by interfacial polymerization, coating or chemical modification and consists of a thick, porous, nonselective support layer covered by an ultrathin barrier layer (Van der Bruggen ). CMC/polypropylene TFC hollow fiber membranes were prepared to remove anionic dyes from saline aqueous solution (Yu et al. ) . CMC/polyvinylidene-fluoride composite NF membranes were fabricated through the coating and crosslinking method (Shao et al. ) .
The objective of this study is to prepare a series of sulfated carboxymethyl cellulose (SCMC) membranes by surface coating and chemical crosslinking method. The obtained membranes were characterized by Fourier transform infrared (FTIR), X-ray diffraction (XRD), atomic force microscopy (AFM) and scanning electron microscopy (SEM).
METHODS

Materials
CMC (molecular weight ¼ 700,000 g/mol) and sulfur trioxide pyridine complex (SO 3 /pyridine) were purchased from Sigma. p-Toluenesulfonic acid (PTSA) was prepared from Seva (98%). Glutaraldehyde (GA) 50wt.%, organic solvents such as acetone, N,N-dimethylacetamide (DMA) (M ¼ 87.12, density ¼ 0.94 kg/L) and ethanol were obtained from Merck, Germany. NaCl, NaOH and HCl (37%) of analytical grade were also obtained from Merck Company. Polyethersulfone (PES) was used as supporting membranes and was obtained from Sepro Membrane Company, USA.
Synthesis of SCMC and SCMC nanofilter
For preparation of SCMC, 1.66 g of CMC and 25 mL of DMA were mixed in a beaker and kept at 60 W C (250 rpm) in an incubator. Upon suspension, 98 g of PTSA was added dropwise and the reaction was continued at 60 W C for 40 min.
After preparation of gel, the solution was stirred (150 rpm) at ambient temperature for 8 h. Then 3.82 g SO 3 /pyridine was added while stirring (200 rpm) at room temperature. After 1 h, 150 mL of acetone was added into solution and stirred for 10 min until precipitation was completed. The sample was filtered and washed with acetone several times. The precipitant was mixed with 25 mL distilled water and kept in an incubator for 30 min (200 rpm). Then, the pH of the solution was neutralized by 0.1 M NaOH and 400 mL of ethanol was added. After filtration, the precipitant was washed with ethanol three times and dried in an oven at 50 W C for 24 h.
SCMC nanofilter (SCMC-NF) membranes were prepared by the surface coating and crosslinking method (Shao et al. ) . For this, GA was used as a crosslinking agent: 5.2 g of SCMC and 0.4 g of GA were mixed in a beaker and 100 mL of distilled water was added. The mixture was stirred for 24 h at 25 W C. The pH of the solution was adjusted to pH ¼ 4 by 0.1 M sulfuric acid. The obtained suspension was cast on the membrane and then excess casting solution was drained off. SCMC-NF was obtained by crosslinking the -OH in SCMC and the -CHO in GA at 50 W C for 3 h. It was washed and kept in deionized water.
Characterization
The chemical structure of SCMC-NFs was characterized by FTIR (Bruker Tensor 27, Germany) and XRD (D5000 Diffractometer, Siemens). The morphology of the prepared membranes was determined by SEM (Oxford Instruments).
To determine the cross-section structure of the membranes, they were fractured in liquid nitrogen and, before all SEM measurements, cross-section membranes were coated with a thin golden layer. AFM experiments were done in the contact mode using a Nanowizard AFM (JPK Instruments AG, Germany) mounted on an Olympus invert microscope, IX81(Japan), and zeta potential was performed using a Nanotrac Wave (Microtrac, San Diego, CA). Inorganic salt solution concentrations were measured with a conductometer (Ecoscan Con 6). The pH of the solution was set using a pHmeter (Hanna instrument). Before characterizations, all samples were air-dried at 30 W C for 24 h.
Performance of prepared nanofilter
To evaluate the efficiency of the nanofilter, we used a crossflow membrane (An et al. ) . Before conducting the tests, the membrane was pressurized at 0.6 MPa for an hour to reach a steady state. Permeability tests were conducted at room temperature and at a pressure of 0.5 MPa and the results were recorded until the flux and conductivity of permeation reached equilibrium (Shao et al. ) . In this study, sodium chloride with a concentration of 1 g/L was used. Permeability flux (J) and rejection (R) percentage were calculated using Equations (1) and (2):
where V ¼ volume of the solution passing through the membrane, A ¼ effective membrane area, t ¼ performance time, and C p and C f ¼ concentrations of permeated solution and feed, respectively. The concentration of permeated mineral salt solution and feed were measured using a conductometer. The pH of solution was set using a pH-meter. All tests were repeated three times and the average was determined. To measure the porosity of the membrane, the membrane was immersed with specific dimensions in distilled water for 24 h. Then, it was taken out of the water and the surface was dried with filter paper and weighed immediately. After that, the membrane was dried in an oven at 50 W C for 24 h and weighed again. Total porosity was determined by gravimetric method using Equation (3) 
In this equation, W w , W d , Å, l, and d w are weights of dry and wet membranes (g), surface area of the sample membrane (cm 2 ), membrane thickness (cm) and the density of water (0.998 g/cm 3 ), respectively.
The average pore radius (r m ) of the membrane was determined using Equation (4) (Ghaemi et al. ) :
In this equation, ε is porosity, η is the viscosity of water (8.9 × 10 À4 Pa.s), l is the membrane thickness (m), Q is volumetric flow rate of penetrated pure water (m 3 /s), A is the membrane effective surface area (m 2 ), and ΔP is operating pressure (0.5 MPa).
Zeta potential (ζ) was calculated from the Helmholtz-Smoluchowski equation (Equation (5)):
Here, ΔE is the potential difference, η is the viscosity, k is the conductivity, ΔP is the pressure difference across channel, ε 0 is the permittivity of vacuum and ε r is the relative constant of the solvent.
RESULTS AND DISCUSSION
Characterization of SCMC-GA Prepared nanofilters (Table 1) were analyzed by FTIR, XRD, SEM and AFM.
The chemical structures of CMC, SCMC and SCMC-GA were determined using FTIR spectra and the results are shown in Figure 1 . In the CMC spectrum, the strong absorption band at 3,447 cm À1 is related to the stretching frequency of OH group; absorption band at 2,923 cm À1 is related to stretching vibration of carbon-hydrogen bond; absorption band at 2,356 cm À1 is related to the pollution caused by impurity; the band observed at 1,619 cm À1 , which is a strong absorption band, confirms the presence of carboxyl group; and the bands observed at 1,423 cm À1 and 1,385 cm À1 are related to methyl and hydroxyl functional groups, respectively. The band at 1,084 cm À1 is related to CH 2 -O-CH 2 stretch. In the SCMC spectrum, the absorption band at 788 cm À1 is related to SO 3 stretching vibration, which represents the SCMC. The broadband at 3,447 cm À1 is related to the stretching frequency of the hydroxyl group. The bands at 2,357, 1,437, 1,085, and 1,619 cm À1 are related to impurities, stretching vibration band of ethyl functional group, CH 2 -O-CH 2 stretch, and the carboxyl group, respectively. In the SCMC-GA spectrum, the absorption band at 1,085.72 cm À1 is related to the ether bond formation between the CMC and GA. This peak indicates that there is a cross-bond between CMC and GA. The absorption bond in the area of 775.41 cm À1 is related to the stretching vibration of SO 3 group and indicates that the sulfate groups have entered the sulfate nanofilter in a harmonious and orderly way. Absorption intensity at 1,577.55 cm À1 is related to COOH groups and is greater than the absorption intensity at 1,745.77 cm À1 (related to the group of COONa). The reason for the high absorption intensity of the COOH functional group is that the dispersed solution in acidic conditions (pH ¼3) can allow cross-bond reaction between GA and sulfate CMC. The absorption spectrum at 3,687 cm À1 is related to OH groups (Shao et al. ) . XRD is a good tool for studying the arrangement of crystal lattice and offers good information about crystallinity. Figure 2 shows the XRD spectrum of pure and sulfonated CMC with various SO 3 /pyridine complexes. The peak observed at 2θ ¼ 22 W is related to pure CMC. Since the CMC crystallinity is low, it has made an active chemical compound when participating in a reaction (Moosavi-Nasab et al. ). In fact, CMC has long and negatively charged molecules due to ionization of some carboxyl groups. Electrostatic repulsion causes the molecules to be developed in solution. In addition, they repel adjacent chains and increase its development in the solution (Moosavi-Nasab et al. ). Therefore, the CMC solution tends to have a high and stable viscosity in the solution. Adding GA to CMC increases crystallinity and the two excess spectra appear at 2θ ¼ 17 W and 2θ ¼ 25 W . Adding SO 3 / pyridine complex to the CMC-GA in different amounts only changes the intensity of the spectra; i.e., increasing the sulfate agent results in the reduction of peak intensity.
Morphology of the prepared nanofilter
SEM results show the morphology of the prepared nanofilter surface. Figure 3 shows the SEM images of the crosslinking i.e., skin layer thickness of prepared sulfate nanofilter was decreased by increasing the sulfate groups. The characterization of prepared membrane is presented in Table 2 . This is probably due to the interaction of polymer with a sulfate agent (Shah & Brown ) . The compatibility of the sulfated complex with bulk membrane (PES) is most likely the reason for the creation of a filter with high performance nano-porous and regular nano-channels. As known, PES has an aromatic ring and S þ O ¼ S bands in its structure. In other words, increasing the complex causes decreases in the thickness of the surface layer compared to pure PES due to the presence of sulfated groups as active polar groups, which increases the speed of solvent and non-solvent exchange and thus reduces the thickness of the skin layer (Ghaemi et al. ) . Energy dispersive X-ray spectroscopy (EDAX) results also show that most ingredients of the prepared nanofilter are sulfur, carbon and oxygen, which confirms the sulfated nanofilter (Figure 4) .
Efficiency of prepared nanofilter with varying amounts of sulfate groups Figure 5 shows the prepared nanofilter efficiency (flux and rejection percentage) by varying amounts of the complex agent. According to Figure 5 , increasing amount of sulfating agent (from CMC-GA to SCMC-GA-4) resulted in increase of flux from 8.56 to 29.54 Lm À2 h À1 while rejection percentage from CMC-GA to SCMC-GA-2 slightly increased and then reduced. Increasing the flux by increasing the sulfate groups results in an increase in hydrophobicity and decrease in the degree of crosslinking; both of these properties are due to the presence of sulfate groups, as they are strong ionic groups that have high affinity for water (Wang et al. ) and high density of surface charge. In the prepared nanofilter, flux is increased by increasing the sulfate groups, while the rejection percentage is reduced at a point due to excessive swelling, because by increasing the time, crosslinking degree of SCMC-GA was increased. Shao et al. () also found that by increasing the molar ratio of the sulfate groups in the CMC, crosslinking degree is reduced because a part of the hydroxyl groups that has high cross-bond ability is replaced with SO 3 groups. Considering the amount of flux and rejection percentage of SCMC-GA-2, this nanofilter can be used for further study. According to Figure 6 , by increasing the sulfate groups, the porosity percentage of the nanofilter is increased. Increasing the amount of sulfate groups, due to increase of solution viscosity, therefore decreases the polymer coagulation rate and changes the skin layer thickness and porosity percentage (Daraei et al. ) . Therefore, an optimum amount of sulfate groups is required to form the membrane with a minimum thickness and a maximum porosity. The optimal value for the SO 3 /pyridine complex is 1.66 g (ratio 1:1) considering the minimum amount of consumption. Figure 7 shows the average radius of the membrane holes increased and then decreased slightly. To determine the surface charges of samples, the Zetasizer Nano ZS device made by Malvern Instruments, UK, was used. In a colloidal system, the potential difference between the nonmoving ionic layer (Stern layer) and a moving layer (diffusion layer) in the ionic atmosphere of charged particles is called zeta potential. Zeta potential is the best indicator to determine the electrical state of particle surfaces because it represents the accumulation of charges in the non-moving layer and absorption intensity of the opposed ions on the particle surface. Hence, the charge of the particles is often reported by zeta potential. According to the results, CMC-GA and SCMC-GA surface charges are about À36 and À56 mV, respectively. In fact, all samples have negative surface charge.
The effect of sulfating agent on the roughness of the prepared nanofilter is shown in Figure 8 using the AFM technique. According to Figure 8 , the CMC-GA surface is relatively smooth, and after sulfating of CMC by increasing the amount of sulfating agent, the nanofilter surface becomes rougher. In fact, inserting sulfate groups increases the roughness of the membrane. As is well known, a rougher membrane leads to higher ability of antifouling. On the other hand, sediments are likely to be trapped in the troughs, resulting in membrane spasm (Pang et al. ) . Therefore, in order to improve the efficiency of the membrane and the membrane antifouling ability, it is important to prepare a membrane with minimal roughness. CONCLUSION SCMC-NF was prepared with different amounts of SO 3 /pyridine as sulfate agent and GA as crosslinking agent. The analysis results showed that sulfate groups are well introduced into the membrane, leading to increased flux. The flux of SCMC-GA-2 nanofilter in the separation of NaCl was two times more than that of CMC-GA and its rejection was kept above 90%. All these phenomena are due to the presence of sulfate groups that increase the repulsive force between the membranes and negative ions and raise the affinity for water. As a result, the density of charge and hydrophobicity of the membrane are increased. AFM results also show that increasing the sulfate groups increases the roughness of the membrane.
